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Abstract. We summarize some recent results on the metallicity and dust properties of 
Active Galactic Nuclei (AGN) at high redshift (l<z<6.4). By using the spectra of more 
than 5000 QSOs from the SDSS we find no evidence for any metallicity evolution in the red- 
shift range 2<z<4.5, while there is a significant luminosity-metallicity dependence. These 
results are confirmed by the spectra of a smaller sample of narrow line AGNs at high-z 
(QS02s and radio galaxies). The lack of metallicity evolution is interpreted both as a con- 
sequence of the cosmic downsizing (QSO massive hosts evolve rapidly and at high redshift) 
and as a selection effect resulting from the joint QSO-galaxy evolution (most QSOs are 
observable at the late evolutionary stages of their hosts). The luminosity-metallicity rela- 
tion is interpreted as a consequence of the mass-metallicity relation in the host galaxies of 
QSOs, but a relationship with the accretion rate is also possible. The lack of metallicity evo- 
lution is observed even in the spectra of the most distant QSOs known (z~6). This result is 
particularly surprising for elements such as Fe, C and Si, which are subject to a delayed en- 
richment, and requires that the hosts of these QSOs formed in short bursts and at very high 
redshift (z>10). The properties of dust in high-z QSOs are discussed within the context of 
the dust production mechanisms in the early universe. The dust extinction curve is observed 
to evolve beyond z>4, and by z~6 it is well described by the properties expected for dust 
produced by SNe, suggesting that the latter is the main mechanism of dust production in 
the early universe. We also show that the huge dust masses observed in distant QSOs can be 
accounted for by SN dust within the observational constraints currently available. Finally, 
we show that QSO winds, which have been proposed as an alternative mechanism of dust 
production, may also contribute significantly to the total dust budget at high redshift. 
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1. Introduction 
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Quasars and Active Galactic Nuclei (AGNs) 
in general are powerful tools to investigate the 
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Fig. 1. One of the QSO composite spectra obtained by stacking a few hundreds SDSS spectra. In the upper 
panel the continuous smooth line shows the best fit to the main spectral lines. The bottom panel shows the 
residuals of the fit with the identification of additional spectral lines. 



properties of the interstellar medium (ISM) in 
distant galaxies. Indeed, the huge luminosities 
characterizing such galactic nuclei, excite large 
masses of gas in their host galaxies, which as a 
consequence emit strong atomic (and molecu- 
lar) lines that can be observed even in very dis- 
tant systems. These lines can be used to study 
in detail the ISM properties, such as metal 
abundances. Moreover, the strong nuclear con- 
tinuum can be used to investigate in detail red- 
dening effects and, therefore, study the dust 
properties. Since large samples of AGNs are 
now available over large redshift intervals, they 
can be used to trace the evolution of the ISM 
as a function of the cosmic age. Since met- 
als and dust are products of the stellar evo- 
lution, the ISM investigation through AGNs 
can be regarded as a powerful tool to constrain 
the scenarios of galaxy evolution. In this paper 
we summarize some recent results obtained by 
us on the metal abundances and dust proper- 
ties of AGNs spanning a wide redshift range 
(l<z<6.4), including some preliminary results 
based on ongoing work. 



2. The metallicity of the BLR at 

2<z<4.5 

We have used more than 5000 QSO spectra 
from the Sloan Digital Sky Survey (SDSS) data 
release 2 (DR2) to investigate the metallicity 
of the Broad Line Region (BLR) across the 
redshift range 2<z<4.5 and over the luminos- 
ity ran ge -24.5 < M B < -29.5 (Nagaoetal. 
2006a). The huge number of objects allow us to 
break the degeneracy between redshift and lu- 
minosity dependence of the metallicity, which 
plagued most of the previous studies. In partic- 
ular, the number of objects is large enough that 
within each redshift bin we can investigate the 
metallicity-luminosity dependence and, vicev- 
ersa, within each luminosity bin we can study 
the metallicity-redshift dependence. To im- 
prove the signal-to-noise ratio we have stacked 
the spectra within each redshift-luminosity bin, 
resulting in a grid of 22 high quality, compos- 
ite spectra. Fig. ^ shows one of these com- 
posite spectra with a wealth of broad emission 
lines. In each spectrum the emission lines were 
deblended by using an algorithm described in 
Naaao et al. (2006a) and delivering accurate 
fluxes for individual lines. A clear, empirical 
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Fig. 2. Average metallicity as a function of redshift 
(upper panel) and average metallicity as a function 
of luminosity (lower panel). No evidence is found 
for a metallicity evolution in redshift, while there is 
a significant luminosity-metallicity dependence. 



result is that most line ratios depend signifi- 
cantly on luminosity, but do not vary signifi- 
cantly with redshift. 

The several line ratios available for each 
composite spectra were compared with de- 
tailed photo i onizatio n models, presented in 
Naga oet al. I J2006al) . to infer the metallicity 
of the BLR (here abundances are assumed to 
scale proportionally to solar, except for nitro- 
gen that is assumed to scale quadratically). 
The first important result is that the metallic- 
ities turn out to be super-solar in all cases. 
The trends as a function of redshift and lu- 
minosity are summarized in Fig. |2] which 
shows the metallicities averaged in redshift 
bins (top panel) and in luminosity bins (bot- 
tom panel). The striking result from the top 
panel of Fig. |2]is that the metallicities in the 
nuclear region of these quasars are insensitive 
to redshift, although the QSO sample spans 
about 90% of the age of the universe. The 
additional result is that the average metallic- 
ity is an increasing function of the QSO lu- 
minosity. The latter result can be interpreted 
as a consequence of t he mass-metallicity re - 
lation in galaxies (e.g. iTremonti et all 12004). 
due to the tendency of more massive galax- 



ies to retain metals more effectively. Indeed, 
if the QSO luminosity is proportional to the 
black-hole mass (i.e. the Eddington ratio is 
on average constant for QSOs with differ- 
ent luminositie s), then the Mbh - Mb u i ge rela- 
tion (e.g. Marconi & Hunt 2003) yields a rela- 
tionship between QSO luminosity and galaxy 
mass, and therefore a dependence on metal- 
licity. Although this scenario can qualita- 
tively explain the luminosity-metallicity re- 
lation in QSOs, there are problems when a 
quantitative comparison is performed with the 
mass-metallicity relation observed in galax- 
ies. Another possibility is that the luminosity- 
metallicity relation actually reflects a rela- 
tionship between metallicity and accretion 
rate (in terms of L/ Lprid). as suggested by 
Shem mer et alJ (120041) . Unfortunately we can- 
not test the latter scenario, since the informa- 
tion on the black hole mass, and therefore on 
L/LEdd. was lost in the process of stacking the 
spectra. 

Much more puzzling is the lack of any 
metallicity evolution over the wide redshift 
range covered by our sample. Indeed, most 
galaxies at redshift larger than 2 should be 
undergoing (or have undergone) strong star 
formation, and therefore should be character- 
ized by a differential chemical enrichment as a 
function of redshift (specifically, higher metal- 
licities at lower redshifts). In the following 
we discuss three possible effects or scenarios 
that may explain the lack of evolution for the 
quasars BLR. 

2.1. Selection effects associated with 
the QSO-galaxy co-evolution 

The lack of metallicity evolution may be a 
consequence of QSOs being selectively ob- 
served at specific epochs, and in particular 
when they are already aged and chemically 
mature. Such an effect can be understood 
within the context of the rece nt models of 
QSO-galaxy co-evolution (e. g. iGranato et alJ 
l2004t iDi Matteo et alJ I2005I) . According to 
these models, during the early stages of galaxy 
and black hole growth the AGN is embedded 
in gas and dust and it is difficult to identify it 
as a QSOs, due to obscuration. At later times 
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Fig. 3. Abundances evolution for an elliptical 
galaxy including feedback effects. The downward 
arrow indicates the onset of the galactic wind. The 
shaded area indicates the abundance sets which best 
fit the line ratios observed in the QSO spectra. 



the combined energy released by SNe and by 
the QSO wind sweeps away large quantities of 
dust and gas, quenching star formation, and al- 
lowing the direct observation of the QSO. At 
this stage the ISM has already been heavily 
enriched. We are in the process of investigat- 
ing this issue more quantitatively (Nagao et 
al. in prep). More specifically, instead of using 
constant abundances ratios as discussed above, 
we are using results of realistic, detailed abun- 
dances patterns based on evolutionary models 
including SNe and AGN feedback. For each 
abundance pattern at any stage, we infer the ex- 
pected line ratios and compare them with those 
observed in the composite QSO spectra. A pre- 
liminary result is shown in Fig. [3] where the 
abundances evolution is sh own for the case of a 
massi ve elliptical galaxy ( Pi pino & Matteuccil 
2004, this one only includes feedback from 
SNe, a version including QSO feedback is in 
preparation). The discontinuity in the slope at 
about 0.5 Gyr is a consequence of the onset 
of the galactic super-wind. The shaded area 
shows the range of abundances pattern that best 
match the line ratios observed in the compos- 
ite spectra. The most interesting result is that 



the best matches are obtained at the wind on- 
set, or shortly after that. On the one hand, this 
result nicely supports models of QSO-galaxy 
co-evolution involving feedback. On the other 
hand, the fact that QSOs can be selectively 
(or preferentially) observed only when they are 
(chemically) evolved, because their circumnu- 
clear region has been cleared, may explain the 
apparent lack of metallicity evolution in QSOs. 

However, selection effects due to joint 
QSO-galaxy evolution cannot be the only ex- 
planation for the observed lack of metallicity 
evolution. Indeed, in Sect. we will show that 
the lack of evolution applies also to narrow line 
radio galaxies, which are obscured systems, 
hence presumably observed before the onset of 
the wind (although radio galaxies are known to 
be hosted in massive, evolved systems). 

2.2. Antihierachical evolution and 
chemical downsizing 

Recent observational studies have reported 
the detection of a number of high-z mas- 
sive galaxies significantly larger than ex- 
pected by classical hierarchical models (e.g. 
iFontana et alJl2004l) . suggesting that massive 
systems evolve faster and at higher redshift 
than less massive galaxies. This effect is 
also observed in AGN/QSO surveys, where 
more luminous systems (hence probably more 
massive) are seen to peak their evolution at 
redshift significantly higher than less lumi- 
nous systems faasinger et alJl2005h . This ef- 
fect is known as "antihierarchical" growth or 
"downsizing", and it has been explained the- 
oretically through the SN/QSO feedback ef- 
fects, which reverse the hierarchical baryonic 
growth with respect to t he dark matter haloes 
tDi Matteo et al] 120051: Idranato et ail l2004 . 
Savaglio et al. (2005J) found a chemical ver- 
sion of the downsizing phenomenon, by inves- 
tigating the mass-metallicity relation at high 
redshift (z~l). They found that the M-Z re- 
lation evolves, from z=0 to z=l, very rapidly 
at low galactic masses (in the sense that the 
metallicity decreases rapidly from z=0 to z=l), 
while the chemical evolution at high masses 
(M* * 10 n M o ) is only marginal, and probably 
remains constant within uncertainties. This re- 
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Fig. 4. Diagram showing the average line ratios ClV,U549/HelLll640 and CIII]^1909/CIVil549 for ra- 
diogalaxies grouped in bins of redshift (left) and of Hell luminosity (right). These diagrams are a useful 
diagnostic to investigate the metallicity of the Narrow Line Region. In particular the dotted lines indicates 
the loci of the line ratios at constant gas metallicity, while solid lines show loci at constant ionization param- 
eter. An increasing metallicity tends to decrease both line ratios. The observed average line ratios indicate 
no evolution of the gas metallicity as a function redshift, but there is a significant dependence on luminosity. 



suit indicates that more massive system evolve, 
from the chemically point of view, at higher 
redshift and faster than less massi ve systems. 
All the SDSS QSOs used in iNaeao et al. I 
(2006a) are very luminous systems, which 
are probably hosted in very massive galaxies 
(M» > 10 n M o ) that, within the context of the 
downsizing scenario, represent very extreme 
cases, being already fully evolved and mature 
already at very high redshift. A more quanti- 
tative analysis of the chemical downsizing ap- 
plied to QSOs will be presented in a forthcom- 
ing paper. 

2.3. BLR not representative of the host 
galaxy 

The BLR is contained in a very small nuclear 
region (less than a parsec in size), which could 
be subject to a much more rapid evolution than 
the rest of the galaxy. The gas mass of the 
BLR is small enough that a relatively small 
number of SNe is enough to rapidly enrich 
it. Summarizing, the BLR may not be repre- 
sentative of the metallicity in the host galaxy. 
This issue can be tackled by estimating the 
metallicity of the Narrow Line Region (NLR), 
which extends on sizes comparable with the 



host galaxy, as discussed in the following sec- 
tion. 

3. The metallicity of the NLR at 1 <z<4 

We have used a sample of about 60 high- 
redshift narrow-line AGN (radio galaxies and 
type 2 QSOs, which are both AGNs where 
the BLR is obscured) to investigate the metal- 
licity of the Narrow Li ne Region (NLR) i n 
the redshift range 1 <z<4 ( Nagao et al. 2006b). 
Although this is the largest sample of narrow 
line AGNs available in this redshift range, it 
is certainly much smaller than the huge sam- 
ple available from the SDSS for broad line 
QSOs. Moreover, the faintness of these ob- 
jects restricts the use of their observed spec- 
tra only to a few (narrow) emission lines. Even 
with these caveats, the narrow lines probe a re- 
gion much more extended than the BLR (in 
luminous objects the NLR extends over sev- 
eral kpc), and therefore they are more suited 
to probe the host galaxy. Det ails of this inves - 
tigation are provided in Nag ao et al. I (|2006b). 
Fig.^summarizes the main results through the 
diagram involving the UV line ratios CIV/Hell 
vs. CIII]/CIV, which is a powerful diagnostic 
diagram to probe the metallicity of the NLR. 
The dotted curves indicate the loci at con- 
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stant metallicity, which moves from the top- 
right towards the bottom-left part of the dia- 
gram with increasing metallicity. In the left- 
hand side panel black symbols indicate the line 
ratios observed in radio galaxies, averaged in 
redshift bins. The most interesting result is a 
lack of evolution, in terms of line ratios (and 
therefore in terms of metallicity), from z~1.6 
to z~3.2, as previously found for the BLR. In 
the right-hand side panel black symbols indi- 
cate the line ratios observed in radio galaxies, 
averaged in bins of Hell luminosity, where the 
Hell line is assumed to be a fair indicator of 
the intrinsic luminosity of these systems. These 
diagrams display a significant dependence of 
the metallicity on luminosity, as found for the 
BLR. Summarizing, the trends observed for the 
BLR are also observed for the NLR, suggesting 
that the lack of metallicity evolution cannot be 
entirely ascribed to the small volume probed 
by the former, nor to obscuration effects asso- 
ciated with evolutionary effects. 

4. The chemical evolution of QSOs 
beyond z>5 

The SDSS have now delivered a sizeable sam- 
ple of quasars even at redshift z>5, the most 
distant of whic h currently being at z=6.4 
Such high redshifts are ex- 
tremely interesting to investigate within the 
context of the chemical evolution. Indeed, at 
z>5 the age of the universe is comparable with 
the minimum timescale required by stellar pro- 
cesses to enrich the ISM and therefore, regard- 
less of selection effects and galactic evolution- 
ary scenarios discussed above, some chemi- 
cal evolution is expected to occur. In particu- 
lar, some elements such as iron and carbon are 
mostly enriched by type la supernovae (SNIa) 
and AGB stars, which require about 1 Gyr to 
evolve in classical models, while at z=6.42 the 
age of the universe is about 800 Myr. 

At such high redshift many of the most 
prominent QSO emission lines are shifted into 
the near-IR band. Our and other groups have 
employed deep near-IR spectroscopic observa- 
tions to investigate the metallicity and abun- 
dances in the most distant quasars known. 
The most surprising result is the evidence 
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Fig. 5. UV rest-frame average spectra of 5 QSOs 
at 5.8<z<6.4 (top) showing a prominent iron bump, 
similar to that observed in lower redshift QSOs (bot- 
tom), suggesting a large abundance of Fe even at an 
epoch when the age of the universe was less than 
1 Gyr. 



for high chemical enrichment already at these 
early epochs and, again, the lack of any evo- 
lution with respect to QSOs at lower red- 
shift. Fig. 13 shows the (continuum-subtracted) 
average spectrum of 5 QSOs at 5.8<z<6.4 
in the UV rest frame (from iMaiolino et alJ 
2003). The prominent bump at 2200 < A rest < 
3000A, produced by Fe multiplets, suggests 
a large abundance of iron (probably super- 
solar) in these objects. The quantitative de- 
termination of the iron abundance through 
these spect ra is not triv ial and highly uncer- 
tain iTVerner et al.l 1200 4). However, the simi- 
larity of the Fe-bump-to-MgII/?2798 ratio be- 
tween intermediate redshift and z~6 QSOs 
(Fig. [5j strongly suggests little or no evolu- 
tion in terms of iron abundance relative to 
the ar-elements (which are expected to be pro- 
duced on much shorter time scales by SNIIe). 
Similar results were obtained by several other 
authors dlwamuro et al J 120041: iFreudling et aTl 
120031 iDietrich et alJl2003l iBarfh et al.l l2003i. 
The analysis of other (broad) line ratios involv- 
ing other important elements (C, N, Si) have 
also provided no clear evidenc e for any c hemi- 
cal evolution up to z~6 dPentericci et alJl2002l 
Maiolino et al. in prep.). 

The criticism, as discussed in !2.3l that these 
broad lines used originate from a small re- 
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Fig. 6. [CII]158yum (top) and CO(5-6) (bottom) 
emission lines detected in the host galaxy of 
the most distant QS O SDSSJ1 148+52 at z=6.4 
lMaioli noetall20 041. 



gion and that may not be representative of the 
host galaxy, is addressed by rec ent mil limet- 
ric and radi o observations. Indeed, Walte r et alJ 
J2003I) and iBertoldi et all fe003l) reported the 
detection of CO emission lines in the most 
distant QSO SDSSJ1 148+52 at z=6.4. This 
line is certainly emitted in the host galaxy 
of the QSO and, beside tracing a large quan- 
tity of molecular gas, suggests the presence 
of large amounts of carbon. However, CO 
lines are optically thick and may be intense 
even if the carbon abundance is reduced. A 
more decisive observation was the detection 
of the rCII1158fim in the same object (Fig. [6j 
Maiol ino etalll2005l) . In contrast to CO, this 
[CII] line is optically thin, and its intensity in- 
dicate a strong carbon enrichment in the host 
galaxy of SDSSJ1 148+52 at z=6.4. However, 
more observations are required to quantita- 
tively determine the carbon abundance, and 
in particular the C/O ratio, as discussed in 
Mai olino etal] j2005l) . 

Altogether these results on the metal en- 
richment of the most distant QSOs are sur- 
prising, but not yet in striking contrast with 
models of chemical evolution. Indeed, in 
the extreme scenario of a very rapid and 
very efficient formation of massive ellipti- 



cal galaxies (and occurring at very high red- 
shift, z>10), recent models can account for a 
strong enrichment of critical elements, such 
as Fe, C, N, Si, on time scales as short as 
a few 100 Mvr {Matteucci & Recchil 1200 it 
[ Piping & Matteuccil l2004t IVenkatesan et alJ 
2004, see also Fig. 0. Within this context, 
it is important to note the recent f inding 
bvlMannucci et all J2005) and lMannucci et all 
(2006) that a population of "fast" SNIa can 
enrich the ISM on time scales shorter than 
100 Myr. 

5. Dust evolution at high redshift 

Dust, which plays a crucial role in the forma- 
tion of galaxies and on their observability, is 
also affected by evolutionary issues and time 
scales associated with stellar processes. More 
specifically, according to the classical scenario 
dust is mostly formed in the envelopes of AGB 
stars (and late giant in general) which take 
about 1 Gyr to evolve tMor gan & Edmunds 
l2003tlMarchenkol2 006 ). As a consequence, lit- 
tle dust is expected to be present at z>5, when 
the universe was younger than 1 Gyr. However, 
a recent unexpected and puzzling result, ob- 
tained through deep mm and submm obser- 
vations, is the detection of far-infrared ther- 
mal emission in several QS Os at z>5, trac- 
ing huge masses of dust ( Bertoldi et alJfeOoH 
iRobson et all2004l) . 

5.1. SN dust in the early universe 

One possible explanation is that dust is pro- 
duced in the ejecta of core-collapse super- 
novae, which evolve on short time scales 
and therefore provide a rapid mechanism of 
dust enrichment. The observational evidence 
for dust production in SNe c omes from the 
obser vation of SN1987A (e.g. iMoseley et all 
" lLncvetalJ[i983 iRoche et al J 1199 



1989; 



'iColganet all f 19941 



i 



Spvromilio et al. 1993 
and theoretically modelle d by v arious a uthors 
(e^ iTodini fc Ferraral l200ll iNozawa et al J 
2003). The scenario of SN dust in the early 
universe has been recently tested by our 
group through the observation of the redd ened 
QSO SDSSJ1048+46 at z=6.2 (Maiolino et al. 
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Fig. 7. Extinction curve observed in the QSO 
SDSSJ1049+46 at z=6.2 (solid curve and shaded 
area) compared with the SMC curve (dotted line), 
which applies to QSOs at z<4, and with the ex- 
tinction curve expected fo r dust p roduced by S Ne 
(dashed line, adapted from Maiolino et al. 2004) 



2004). In particular, we found that the extinc- 
tion curve of the dust responsible for the red- 
dening is different with respect t o that observed 
at z< 4 (which is SMC-like, Hopki nset alJ 
2004), but it nicely matches the extinction 
curve expected for dust produced by SNe 
(Fig-0- This result strongly suggests that most 
of the dust in the early universe, at z~6, is pro- 
duced by SNIIe. Similar results have been ob- 
tained by Hiras hita et alJ J2005t) . This investi- 
gation has been extended to a larger number 
of QSOs at 4<z<6.2. Preliminary results indi- 
cate that the extinction curve evolve gradually 
from the SMC-like curve characterizing most 
QSOs at z<4, to the SN dust-dominated extinc- 
tion curve at z=6.2 (Maiolino et al. in prep). 

Recent Spitzer observations have detected 
only small amounts of dust in Galactic 
supernova remnants (SN Rs), much s maller 
than expected by models ( iHines et al.l l2004| 
iRrause et al]l2004T) . thus questioning theories 
ascribing to SNe most of the dust production 
at high redshift. However, Spitzer observations 
are mostly sensitive to the warm component of 
dust, which probably accounts for a minor frac- 



tion of the dust present in SNRs. Millimetric 
and submillimetric data are, in principle, suited 
to detect the cold component of the dust, which 
may account for most of the dust mass in 
SNe. So far only upper limits have been re- 
ported for mm/submm cold dust emission in 
SNRs, once non-thermal and foreground com- 
ponents are subtrac ted {Wilson & Batrla 2005; 
IKrause et af]l2004l) . Yet, Fig. |8] illustrates that 
the current observational constraints on the 
dust production in SNe are still consistent with 
the scenario where most of the dust in QSOs 
at z~6 is produced by SNe. The curved lines 
show the total dust mass produced by SNe as 
a function of the age of the galaxy, assuming a 
star formation rate equal to that observed in the 
most distant QSO at z=6.4, SDSSJ1 148+52 
(3000 M Q yi~\ iBertoldi et all 120031) and a 
constant dust mass produced per each super- 
nova (M^ st ). The two bottom curves show 
the dust produced assuming Mr* equal to 
the dust mass observed in CasA and in the 
Crab Nebula throug h Spitzer and ISO obser - 
vations (IHines et alJl2004l iGreen et alll2004l) . 
Since such observations sample only the warm 
component of dust and miss the cold compo- 
nent, these curves should be considered as a 
lower limit on the total dust mass produced. 
The two upper curves show upper limits on the 
total dust mass assuming a M™, equal to dif- 
ferent upper limits inferred for the cold dust 
in C asA, based on submm data (lower curve 
from IKrause et alJ ( 120041) . u pper curve from 
the la ter value obtained bv IWilson & Batrla 
(2005)). The solid symbol with errorbars in- 
dicate the dust mass in the most distant QSO 
SDSSJ1 148+52 inferred from various mm 
and s u bmm da t a llBertoldi et alJl2003t ICarilli I 
120041 iBeelenl 120051) , i ncluding the uncer- 
tainty on the emissivity dDasvra et alJl2005l) . 
and assuming a formation epoch in the range 
7.5<z<15. The important result is that the ob- 
served dust mass is consistent with the max- 
imum dust mass production which is allowed 
for SNe, based on observational constraints. 
However, if the host galaxy is as young as a 
few times 10 7 yr, a s tentatively suggested by 
Walt er et al.l §004), then even SNe may not 
have time to produce enough dust. The uncer- 
tainties are however still very large, and more 
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Fig. 8. The solid curved lines show the constraints 
on the dust mass produced by SNe as a function 
of age for the most distant QSO SDSSJ1 148+52 
at z=6.4, based on the current observational con- 
straints on the dust mass produced per SN (see text 
for details). The dashed line is the expected dust 
produced in QSO winds, according to the model of 
lElvis et al] J2002t) . and under the assumptions dis- 
cussed in the text. The solid dot with errorbars in- 
dicates the dust mass observed in SDSSJ1 148+52, 
assuming a formation redshift between 7.5 and 15, 
which appear consistent with both the scenarios of 
SN-dust and QSO-dust production. 

observational data are certainly required to fur- 
ther investigate this issue. 

5.2. QSO-dust in the early universe 

An alternative mechanism for dust produc- 
tion in the early universe was proposed by 
lElvis et aTl d2002h . They show that the phys- 
ical conditions (and in particular temperature 
and density) in the outflowing clouds of QSOs 
are similar to the conditions of AGB stel- 
lar envelopes, and therefore may provide sites 
of dust formation. The interesting feature of 
this possible mechanism is that it is not sub- 
ject to specific time scales, and therefore it 
may provide a fast enrichment mechanism in 
the early universe, when AGB stars had not 
time to evolve. A possible caveat of this pro- 
cess is that it must await for the production 



of metals (in particular C and Si) from the 
stellar evolutionary processes. However, we 
have seen in the previous section that these 
elements may be produced even on relatively 
short time scales, and therefore this may not 
be a real problem preventing the formation 
of dust through QS O winds in t he ear ly uni- 
verse. Unfortunately, Elv is et al] 112002) do not 
provide predictions for the extinction curves 
to be compared with our observations, as in 
Sect. 15.11 However, it is at least possible to 
check whether QSO winds can produce enough 
dust to account for the dust mass observed 
in high-z QSOs. We have developed a sim- 
ple model by assuming that a QSO has al- 
ways been accreting at the Eddington rate, that 
the outflow rat e is M win d {My/yr] = 0.5 x 
10" 8 M BH /M dProga & Kallmadl200l . that 
the metallicity of the nuclear region has al- 
ways been Z = 10 Z , and a depletion of met- 
als into dust as observed in the diffuse ISM 
of our Galaxy. These assumption are some- 
what extreme, and therefore the results should 
be regarded as upper limits. However, our as- 
sumptions are probably not very far from real- 
ity for such rare and extreme QSOs as those 
found by the SDSS at z~6. The dashed line 
in Fig. indicates the total dust mass pro- 
duced by QSO winds under such assumptions, 
and shows that the huge dust mass observed 
in SDSSJ1 148+52 at z=6.4 can be produced 
even through this mechanism. Possibly, both 
SNe and QSO winds may contribute to the dust 
enrichment in the early universe. A more thor- 
ough analysis will be presented in a forthcom- 
ing paper. 
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